Abstract Guava leaf, a waste material, was treated and activated to prepare adsorbent. The adsorbent was characterized using Scanning Electron Microscopy (SEM), Fourier Transform Infra Red (FTIR) and Energy-Dispersive X-ray (EDX) techniques. The carbonaceous adsorbent prepared from guava leaf had appreciable carbon content (86.84 %). The adsorption of Congo red dye onto guava leaf-based activated carbon (GLAC) was studied in this research. Experimental data were analyzed by four different model equations: Langmuir, Freundlich, Temkin and Dubinin-Radushkevich isotherms and it was found to fit Freundlich equation most. Adsorption rate constants were determined using pseudo-first-order, pseudo-second-order, Elovich and intraparticle diffusion model equations. The results clearly showed that the adsorption of CR dye onto GLAC followed pseudo-second-order kinetic model.
Introduction
Color is one of the characteristics of an effluent. Wastewater colored with dyes emanating from the production of the dye and its use in the textile and other industries (Allen and Koumanova 2005) . It affects the color of water and restricts sunlight penetration thereby reducing photosynthetic activity (Sivaraj et al. 2001; Nacera and Aicha 2006) . Dyes are carcinogenic and mutagenic. Generally, they are stable to biological degradation (Sivaraj et al. 2001; Wong and Yu 1999) . It is therefore very important to get rid of them from effluents produced by industries before discharging into the environment. Congo red is the sodium salt of benzidinediazobis-1-naphthylamine-4-sulfonic acid. It is a benzidine-based azo dye. It was selected in this study as a model anionic dye due to its high solubility in aqueous solution and its persistence once it is discharged into natural environment. It mainly occurs in the effluents discharged from textile, paper, printing, leather industries, etc. (Bhattacharrya and Sharma 2004) . While dying, about 15 % of it ends up in waste waters (Srivastava et al. 1988) . It is a mutagen and reproductive effector. It acts as a skin, eye and gastrointestinal irritant. Congo red also causes the blood to clot and it is also responsible for aiding somnolence and respiratory problems (Alok et al. 2009 ). Existing techniques which had been used for removing dyes from wastewater polluted with dyes are disadvantageous due to high cost, the formation of harmful products and consumption of high energy (Banat et al. 1996) .These techniques include ozonation, coagulation/flocculation, oxidative techniques, precipitation, ion exchange, reverse osmosis and ultra filtration. The commonest treatment (which adopts both physical and chemical methods) for removing dissolved organics from wastewaters is activated carbon adsorption. List of non-conventional, low-cost adsorbents that have been utilized for the removal of dyes from wastewater include durian seed (Ahmad et al. 2014a, b) , banana stalk , wheat husk (Gupta et al. 2007 ), coconut shell , periwinkle shell (Bello et al. 2008) , Indian spinach leaf, bottom ash and de-oiled soya (Gupta et al. 2006a Mittal et al. 2008) , hen feathers (Gupta et al. 2006b ), oil palm fruit (Bello 2013) , mango leaf (Bello et al. 2014) , lime peel (Ahmad et al. 2015) , spear grass (Bello and Semire 2012) , ackee apple . Commercial activated carbon (CAC) are widely distributed because they are used for a variety of applications, because they are expensive, low cost nonconventional adsorbents is an economical alternative that could be used in lieu of CAC for wastewater treatment.
Guava (Psidium guajava) belongs to the family Myrtaceae. It is a tropical plant usually found growing in backyards and dumpsites. The raw guava leaves contain 6 % fixed oil, and 0.365 % volatile oil, 3.15 % resin, 8.5 % tannin, and other substances. It's seeds and leaves possess medicinal value and are used as traditional herbs for treating ailments (Anthony 2005) .
The feasibility of using activated carbon prepared from guava leaf powder for the removal of Congo red (CR), a toxic dye, from wastewater by adsorption method was investigated in this study. The effects of operational factors such as initial dye concentration, contact time and temperature were investigated. The kinetics of CR dye adsorption was analyzed by fitting to pseudo-first-order, pseudo-second-order, Elovich and intraparticle diffusion models. Adsorption data were also fitted using Langmuir, Freundlich, Tempkin and D-R isotherm equations.
Materials and methods

Activated carbon preparation
Guava leaves were obtained from LAUTECH farmland, Ogbomoso, Nigeria. A carefully weighed 25.0 g of the adsorbent was placed in a beaker containing 500 cm 3 of 0.3 mol/dm 3 ortho-phosphoric acid (H 3 PO 4 ). The content of the beaker was thoroughly mixed and heated to form a paste. The paste formed was then transferred into an evaporating dish which was placed in the furnace and heated to 300°C for 30 min. This was allowed to cool and washed with distilled water to a pH of 6.8, oven dried for 4 h at temperature 105°C. It was then ground to powder. It was sieved with 106 lm mesh to obtain fine powdered activated carbon which was kept in an air-tight container and used for other experiments.
Adsorbate used
Congo red (CR) dye was used as adsorbate to determine the adsorption performance of the prepared activated carbon (Fig. 1) . The properties of CR dye used are listed in Table 1 .
Preparation of Congo red dye solution 0.5 g of Congo red dye was dissolved in 600 mL of distilled water. Sufficient distilled water was added with constant stirring to make it up to 1000 mL mark. The other solutions used for the experiment were prepared from the stock solution using serial dilution.
Batch equilibrium studies
Adsorption of Congo red dye (CR) on GLAC was carried out by batch method at 30, 40 and 50°C respectively. The effects of initial concentration of the dye, contact time as well as temperature were investigated. The adsorption process was carried out with five different initial concentrations at 10, 20, 30, 40 and 50 mg/L of CR dye. 10 mg of adsorbent was taken in 250-mL Erlenmeyer flask. 20 mL of CR dye solution was added to the flask. pH of the solutions were brought to 3 by adding 0.1 M hydrochloric acid. Sample solutions were withdrawn at predetermined time intervals after shaking in water bath shaker at 120 rpm to determine the quantity of the dye removed from the solution. Concentrations of dye solutions were calculated by determining absorbance at a wavelength of 497 nm using UV-Vis spectrophotometer.
The amount of CR adsorbed was calculated by:
where q e is the amount of dye adsorbed by the activated carbon, C 0 is the initial concentration of the adsorbate, C e is the concentration of the adsorbate solution at equilibrium, m is the amount of adsorbent (g) and V is the volume of solution (dm 3 ).
Adsorption isotherm studies
To carry out the adsorption isotherm studies, the equilibrium data were fitted to the Langmuir, Freundlich, Temkin and Dubinin-Radushkevich isotherms. The applicability and suitability of the isotherm equation to the equilibrium data were determined using the values of the correlation coefficients, R 2 . Linear regression was carried out using Microsoft Excel spreadsheet.
Langmuir isotherm
According to the Langmuir isotherm, the intermolecular forces rapidly decrease as the distance increases. This model helps in predicting the existence of monolayer coverage of the adsorbate on the outer surface of adsorbent. According to Langmuir 1918 , the linear form of the isotherm equation is given by:
where C e is the concentration of the adsorbate at equilibrium (mg/L); q e , the amount of adsorbate adsorbed per unit mass of adsorbent (mg/g); q m , the maximum monolayer adsorption capacity of the adsorbent (mg/g); K L , the Langmuir adsorption constant (L/mg). The constant value can be determined from intercept and slope of the graph of C e /q e against C e . The essential characteristics of Langmuir equation can be expressed in terms of R L (separator factor) which is dimensionless and it is defined as:
where C 0 is the highest initial solute concentration; whereas, R L value implies the adsorption is unfavorable
Freundlich isotherm
The Freundlich model is based on adsorption on heterogeneous surface or surface supporting sites of varied affinities. It assumes that the stronger binding sites are occupied first and that the binding strength decreases as the rate at which the sites are occupied increases. The Freundlich isotherm (Freundlich 1906 ) is expressed as:
where q e is the amount of adsorbate adsorbed per unit mass of adsorbent (mg/g); K F , Freundlich isotherm constant (mg/g) (L/mg) 1/n ); C e , equilibrium concentration of the adsorbate (mg/L); n, the heterogeneity factor.
If the plot of (log q e ) against (log C e ) gives a straight line, it shows that the Freundlich isotherm fits the adsorption data. Other constants can be calculated from 1/n (the slope) and log K F (the intercept) obtained from the graph. The slope of 1/n ranging between 0 and 1 is a measure of adsorption intensity, becoming more heterogeneous as its value gets closer to zero.
Temkin isotherm
Temkin isotherm considers the adsorbent-adsorbate interactions. It assumes a linear decrease in the heat of adsorption of molecules with coverage due to adsorbentadsorbate relationships. According to Temkin and Pyzhev 1940 , the Temkin model is expressed as:
This can be rearranged to:
where B = RT/b is the constant related to the heat of adsorption (L/mg); q e , the amount of adsorbate adsorbed at equilibrium (mg/g); C e , equilibrium concentration of adsorbate (mg/L); T, absolute temperature; R, universal gas constant (8.314 J/mol K); K T , equilibrium binding constant (L/mg). Sci (2017 Sci ( ) 7:1965 Sci ( -1977 Sci ( 1967 A graph of plot of q e versus ln C e yields a straight line from where both values of slope, B and intercept, K T will be calculated.
Dubinin-Radushkevich isotherm
Dubinin-Radushkevich isotherm is applied to differentiate between the physical and chemical adsorption for the removal of a molecule from its location in the adsorption space to the infinity. It is expressed as (Dubinin 1960 ): 7 where: 8 q e is the amount of adsorbate adsorbed at equilibrium; q m , maximum adsorption capacity; B, Dubinin-Radushkevich constant; R, gas constant; T, absolute temperature; C e , equilibrium concentration of adsorbate.
Therefore, a graph of lnq e against Ƹ 2 will give a straight line with the slope of B and intercept of ln q m . Also, from the value of B, the free energy of sorption per molecule of the adsorbate, E, can be determined by using the equation:
The adsorption energy E shows the type of adsorption occurring. A value of E ranging from 1 to 8 kJ/mol signifies physical adsorption while a value that ranges from 9 to 16 kJ/mol shows that the adsorption is chemical (Ajemba 2014) .
Adsorption kinetic studies
To carry out the adsorption kinetic studies, the adsorbent-adsorbate solution was taken at specific intervals and the concentration of the solution was measured. The amount adsorbed at time t, q t (mg/g), was calculated using Eq. 1. The adsorption kinetics of dye on adsorbent was investigated using pseudo-first-order, pseudo-second-order, Elovich and intraparticle diffusion models, respectively.
Pseudo-first order kinetic model
According to Lagergren 1898, the pseudo-first-order kinetic model equation is expressed as:
where q e is the amount of concentration of adsorbate at equilibrium (mg/g), q t is the amount of solute adsorb per unit weight of adsorbent at time t (mg/g), k 1 is the rate constant (min -1 ). A plot of ln (q e -q t ) versus t gives a straight line with slope of k 1 and intercept of lnq e .
Pseudo-second-order kinetic model
The equation of the model equation can be expressed as (Ho and McKay 1999) :
The slope and intercept of the graph of t/q t against t give the values of q e and k 2 , respectively.
Elovich kinetic model
The equation is expressed as (Aharoni and Ungarish 1976):
where: a is the the initial rate of desorption [mg/(g min)], b, the desorption constant (g/mg). The 1/b value signifies the number of sites available for adsorption and the value of (1/b) ln (ab) shows the adsorption quantity when ln t equal to zero.
Intraparticle diffusion model
Weber and Morris 1962 expressed the intraparticle diffusion model as shown in Eq. 13:
where: C is the the intercept; K dif (mg/g h 1/2 ), the intraparticle diffusion rate constant; q, the amount of solute adsorbed per unit weight of adsorbent per time (mg/g); t t 1/2 , the half-adsorption time (h 1/2 ). The intercept of the plot reflects the boundary layer effect. For intraparticle diffusion to be the only rate-determining step, then the regression of q t against t 1/2 must be linear and should pass through the origin. If otherwise, then it implies that the intraparticle diffusion is not the only rate-controlling step (Wu et al. 2005) .
Thermodynamic studies
Thermodynamics parameters are used in revealing the type of energy changes that occur in an adsorption process. In order to investigate the adsorption process, three thermodynamic parameters were evaluated. They include
• standard enthalpy change (DH°);
• standard entropy change (DS°); and • standard free energy change (DG°).
These values can be calculated by using the following equation:
where: k L is the Langmuir adsorption constant (L/mol); DS°, changes in standard entropy (kJ/mol/K); R, universal gas constant (8.314 J/mol/K); DH°, changes in standard enthalpy (kJ/mol); T, absolute solution temperature (K). Thus, a plot of ln k L against 1/T yields the values of both DH°and DS°from the slope and intercept of the graph, respectively. Fundamentally, a positive DH°value indicates that an adsorption process is endothermic in nature while a negative value represents exothermic reaction.
A positive value of DS°indicates an increment in randomness at the solid/solution interface that occurs in the adsorption process besides reflecting the affinity of the adsorbent toward the adsorbate (Bello et al. 2011 ). Furthermore, a negative DG°value indicates that an adsorption process is a spontaneous process at the study temperature and vice versa. DG°can be calculated using the following relation:
As the nature of adsorption is determined by the magnitude of activation energy, E a , Arrhenius equation has been applied to determine either the process is physical or chemical. Physisorption process has the activation energy ranging from 5 to 40 kJ/mol. For chemisorption process, the activation energy is higher and ranging from 40 to 800 kJ/mol (Nollet et al. 2003) . As shown in the following relationship, Arrhenius equation can be represented by:
where k 2 is the rate constant obtained from the pseudosecond-order kinetic model (g/mg h); A, the Arrhenius factor; E a , the Arrhenius activation energy of adsorption (kJ/mol); R, the universal gas constant (8.314 J/mol/K); T, the absolute temperature (K). Therefore, a plot of ln k 2 against 1/Twill yield the values of E a from the slope of the graph, -E a /R.
Characterization of adsorbent
Scanning electron microscope (model JSM-6460 LV, JEOL, Kyoto, Japan) was used to study the pore structure, surface chemistry, and the arrangement of pores of the adsorbent before and after activation. Fourier transform infrared (FTIR) spectroscopic analysis was performed using an FTIR spectrometer (FTIR-2000, Perkin Elmer). The spectra were measured from 4000 to 400 cm -1 . EDX analysis (energy-dispersive X-ray analysis) was used to identify the elemental composition of the adsorbent. An energy-dispersive (EDX) detector is used to separate the characteristic X-rays of different elements into an energy spectrum, and EDX system software is used to analyze the energy spectrum in order to determine the abundance of specific elements.
Results and discussion
Characterization
Surface morphology
Scanning electron microscopy (SEM) was used to demonstrate the surface morphology of GLAC. Figure 2 shows the SEM micrograph of GLAC. The surface structures were rough and uneven. It has several pores due to the modification using activating agent. A significant pore structure exists over the surface of the adsorbents. This was due to the breakdown of the lignocellulosic material at high temperature followed by evaporation of volatile compounds leaving samples with well-developed pores. These pores allowed a good surface for CR dye to be trapped and adsorbed into (Amin 2008) . During activation process, the C-H 3 PO 4 reaction rate was increased, thus resulting in Appl Water Sci (2017 Sci ( ) 7:1965 Sci ( -1977 Sci ( 1969 carbon 'burn off' thereby developing good pores on the sample. The C-H 3 PO 4 reaction also increased the porosity of the adsorbents as well as creating new pores due to loss of volatile components in the form of CO and CO 2 (Auta and Hameed 2011). The physiochemical treatment was able to produce porous adsorbent thereby increasing the surface area. The activation processes had resulted in enhancement of porous structure of the adsorbents, which contributed to the large surface area. This porous structure of the adsorbents will increase the adsorption capacity of the adsorbent.
Surface chemistry
In order to investigate the surface chemistry of the sample, Fourier transform infrared spectroscopy (FTIR) analysis was carried out in revealing the presence of several peaks of functional group. The FTIR spectra of the adsorbent before and after activation are shown in Fig. 3 . These figures show that some peaks are shifted or disappeared and some new peaks are also detected which may be due to the activation process. FTIR data of GLAC adsorbent are shown in Table 2 . 
Elemental composition
In order to determine the elements present in the guava leaf adsorbent before and after adsorption, the energy-dispersive X-ray (EDX) technique was employed. The EDX spectra and data of the adsorbent are shown in Fig. 4 and Table 3 , respectively. From Table 3 , it can be deduced that activation of the adsorbent had increased the carbon content of the corn cob adsorbent. This implies that activation will lead to an increase in the adsorption capacity of the adsorbent (Okeola 1999; Dada et al. 2012 ).
Batch adsorption studies
The effect of contact time and initial CR dye concentration
The effect of contact time on adsorption of CR onto GLAC at various initial concentrations (10-50 mg/L) at 30°C is presented in Fig. 5 . The adsorption uptake increased with time at the initial stage and became slower before reaching its equilibrium stage. This can be attributed to the fact that there was higher availability of vacant sites on the adsorbents at the initial stage. This developed a strong driving force for dye molecules to overcome the mass transfer resistance between aqueous and solid phases. After a period of time, the remaining surface site became difficult to occupy due to the electrostatic hindrance or repulsive forces that exist between the dye molecules and the surface of adsorbent. At this point, equilibrium was reached. This stage also reflects the maximum adsorption capacity of each adsorbent under certain operating conditions (Bhadusha and Ananthabaskaran 2011). Apart from this, the time required for adsorption process to reach equilibrium stage strongly depends on the initial dye concentration. At high initial concentration, the concentration of dye adsorbed at equilibrium was high. At 10 mg/L initial concentration, the maximum adsorption uptake was 9.76 mg/g, whereas for 50 mg/L, the maximum adsorption uptake can reach until 39.70 mg/g (Fig. 5) . At higher initial concentration, the concentration gradient was higher, and in turn developed a higher driving force during the adsorption process. As a result of increased diffusion process, the equilibrium adsorption uptake increased (Baek et al. 2010) . Figure 6 shows the percentage of CR dye removal by GLAC under the same condition. The plot shows that the percentage of dye removal was inversely proportional to the initial dye concentration. The tabular representation is shown in Table 4 . The ratio of the molecules of dye to vacant sites becomes smaller at lower initial dye concentration (Fig 6) . This indirectly led to higher percentage of dye removal in solution. As the initial concentration increased, the ratio of dye molecules to vacant sites increased and most of the vacant sites become saturated. At this stage, dye molecules tend to compete among themselves to diffuse into the internal pores, resulting in lower percentage of removal. Table 5 shows the parameters of isotherm models employed in this study at 30°C. The models include: Langmuir, Freundlich, Temkin and Dubinin-Radushkevich. The suitability of the model was determined by choosing the model with the value of R 2 closest to 1. According to theoretical Langmuir adsorption isotherm, it assumes that the maximum monolayer adsorption occurs when the surface is covered by a monolayer of adsorbates. Therefore, by using this isotherm, the maximum adsorption capacity corresponding to the complete monolayer coverage on GLAC can be calculated (Yahya et al. 2008) . The mean q m of GLAC as contained in Tables 5, 6 , 7 are 47.62, 45.45 and 40 mg/g respectively.
Adsorption isotherms
Freundlich isotherm is used to illustrate the non-ideal heterogeneous behavior of adsorption process. The extent of adsorption was described by the value of K F . It was found that the extent of adsorption at 50°C (K F = 19.36) was approximately 1.2 times higher than that of 30°C (K F = 15.92). The value of n calculated from the Freundlich model was greater than 1. This implies that the change in dye concentration is greater than the change in the dye concentration in solution (Ajemba 2014) .
The equilibrium binding constant, b T (mol/g) which is the Temkin isotherm constant, can be determined from the Temkin isotherm model. The Dubinin-Radushkevich isotherm model was used to examine the porosity apparent free energy, E and the characteristics of the adsorption process. The values of E for GLAC at 30, 40 and 50°C are 2.41, 3.37 and 3.50 kJ/mol, respectively. Since all these values range between 1 and 8 kJ/mol, it indicated that physisorption played a significant role in the adsorption of CR onto GLAC (Ajemba 2014) . Sci (2017 Sci ( ) 7:1965 Sci ( -1977 Sci ( 1971 The value of R 2 was used to judge the most suitable model for the adsorption process. The results obtained were: Temkim (R 2 = 0.937) \ Dubinin-Radushkevich (R 2 = 0.970) \ Langmuir (R 2 = 0.971) \ Freundlich (R 2 = 0.983) which suggests that the adsorption process was heterogenous and occured by multilayer adsorption.
Separator factor
Langmuir equation can be expressed in a term of dimensionless separation factor (R L ). The R L values obtained ranged from 0 to 1. This shows that the process was favorable (Bello et al. 2011) . Table 8 shows the compar- 
Kinetic studies
Pseudo-first-order kinetic model is used to predict the adsorption kinetics. Plots of ln (q e -q t ) versus t gave a straight line, with negative intercepts. K 1 and q e values were calculated from the equation obtained from the linear graph.
On the other hand, the plots of t/q t versus t for pseudosecond-order model were also used to study the adsorption process (Fig. 7) . As can be seen from Table 9 , the values of R 2 calculated for the adsorption process are higher than that obtained for pseudo-first order model. This shows that adsorption of CR onto GLAC is consistent with pseudo-second-order model. Additionally, Elovich model is used to describe the second-order kinetics by assuming that the actual solid surfaces are energetically heterogeneous. Theoretically, when there is increment in solution temperature, the extent of surface coverage, b should decrease owning to the fact that the number of sites available for adsorption will be less at higher temperature. Unfortunately, the low values of R 2 , ranging from 0.746 to 0.964 in the adsorption process shows that the experimental data did not agree with Elovich kinetic model (Dogan et al. 2007) .
By comparing the values of R 2 which is closest to unity, the values of R 2 for the adsorption process yielded excellent fits in the following order: pseudo-second order [ pseudo-first order [ Elovich (Table 9) . Appl Water Sci (2017 ) 7:1965 -1977 1973 Adsorption thermodynamics
Thermodynamic parameters provide a better understanding of the effect of temperature on the adsorption process. The thermodynamic parameters are tabulated in Table 10 . From the table, the negative values of DH°obtained in the adsorption of CR dye onto GLAC signify the exothermic nature of the adsorption process. The DH°value was found to be -18.00 kJ/mol. The positive values of DS°indicate that increase in randomness occurred at solid-solution interface during the adsorption process. This shows the affinity of adsorbent towards dye molecules (Bello et al. 2011) .
As presented in Table 10 , DG°values were negative at all studied temperatures, inferring that the adsorption was spontaneous in nature. Since the values of DG°decreased with increasing temperature, it suggests that at higher temperature, the driving force was less, resulting in lower adsorption uptake (Tan et al. 2008) . Furthermore, since the values of E a obtained fall in the energy range of 4-80 kJ/mol, it confirms that the adsorption process was physisorption. Table 6 Isotherm parameters for CR dye adsorption onto GLAC at 40°C Table 7 Isotherm parameters for CR dye adsorption unto GLAC at 50°C
) E (kJ/mol) R 
Diffusion mechanism
Generally, adsorption mechanism for dye removal using an adsorbent is made up of a series of steps which involves the migration of adsorbate from aqueous phase to the solid adsorbent. In many cases, there is a probability for intraparticle diffusion to be the rate-determining step, especially in a rapidly stirred batch system. Therefore, in order to study the rate of dye molecules adsorbed onto GLAC, another kinetic model, intraparticle diffusion model was carried out. According to this model, the values of q t were found to be linearly correlated with the value of t 1/2 and the rate constant, k diff can be directly determined from the slope of regression line.
In the present study, the plots obtained were nonlinear (Fig. 8) . The first one is bulk diffusion, followed by external mass transfer resistance while the third is intraparticle mass transfer resistance. The rate of attainment to equilibrium may be controlled by particle diffusion (Yang and Al-Duri 2005) . Following the fast adsorption, there was a gradual adsorption stage. At this stage, intraparticle diffusion is the rate-controlling step. Thereafter, adsorption became very slow and stable, approaching an equilibrium stage and maximum adsorption, i.e., a plateau profile. Similar findings were reported by Vimonses and coworkers (Vimonses et al. 2009 ). The three stages can be determined by the intraparticle diffusion rate as referred to k dif . The increase in q t versus t 1/2 profiles of CR dye adsorption by GLAC adsorbents was nonlinear (Fig. 8) . The deviation from the origin shows that intraparticle transport is not the only rate-limiting step. It can be seen, however, that the second adsorption stage is characterized as the intraparticle diffusion, which is the rate-controlling step for the adsorption process. The plots did not pass through the origin (i.e., C=0). This further indicates that the intraparticle diffusion was involved in the adsorption process, but was not the only rate-controlling step. The intercepts C are proportional to the boundary layer thickness. The extent of thickness of boundary layer can be examined from the C value. The effect of boundary layer increases with the value of C (Ozcan et al. 2005) . The boundary layer also helps to determine the tendency of the adsorbent to adsorb the dye or remain in solution. Since diffusion takes place, the boundary layer is considered as a viscous drag which exists between the GLAC surface and the CR dye solution diffusing across its surface. Therefore, higher values of boundary layer thickness, C, indicate higher adsorption capacities (Table 11) .
Conclusions
This study revealed the potential of activated guava leaf as an efficient precursor for the preparation of activated carbon. Activation and generation of the porous structure enhanced the adsorption process. Equilibrium studies showed that Freundlich isotherm model fit the adsorption data most, signifying that the CR dye adsorption does not form a monolayer on GLAC, it rather follows multilayer adsorption process. The pseudo-second-order kinetic model showed the best correlation for the data. Results also showed that the intraparticle diffusion occurred in the adsorption process, but was not the only rate-controlling step (Table 8) . Thermodynamic parameters, i.e., the negative values of Gibbs energy and the negative value of enthalpy, indicated that the adsorption process is spontaneous and exothermic in nature. 
